In this study, effect of rice added to meju dough was evaluated based on the variation of nutritional ingredients and bacterial community diversity in finished doenjang. The ratio of rice added to meju dough (cooked and crushed soybean before fermentation) was 0, 0.2, and 0.4 based on dry weight. Free amino acids, minerals, polyphenol, and total phenolic compounds relatively decreased by addition of rice. However, 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH) scavenging and ferric ion reduction activity was not influenced. Organic acids, which are fermentation metabolites, significantly increased in proportion to percentage balance of rice. Seven and four volatile compounds (VCs) were detected in doenjang prepared without and with rice, respectively, and contents of VCs were significantly lower in the rice-supplemented doenjang. Bacterial community diversity was significantly increased by addition of rice to meju dough. Rice alters chemical composition, fermentation products, and bacterial diversity, but does not downgrade the nature of doenjang.
Introduction
Doenjang is a Korean soy paste that has been prepared traditionally by long-term ripening of meju under high salt conditions of about 16% -20% NaCl [1] . Meju has been prepared with only cooked soybean by natural fermentation under open environmental condition. Generally, the quality of meju depend mainly on the microbial community, incubation time, and environmental conditions during fermentation, as the soybean is the principal raw material used in the preparation of meju [2, 3] . Practically, the incubation time and environmental conditions for meju fermentation can be mechanically controlled, but fermentation fidelity and efficiency cannot be controlled because microbial communities are naturally and randomly inoculated into meju dough during cultivation. The nutritional constituents of soybean are mainly protein and carbohydrate, which are sufficient for the growth of the bacteria and fungi responsible for meju fermentation [4] . Soybean is composed of greater than 40% (w/w) of proteins and greater than 30% (w/w) of carbohydrates on the basis of dry weight, and also contains physiologically functional compounds such as polyphenol, total phenolic compounds, isoflavones, vitamin E, saponin, and anthocyanin [5] [6] [7] . In various in vitro tests, doenjang extract was reported to possess anticancer, antipostmenopausal, and antiosteoporosis capabilities [8, 9] .
Rice is a major crop that has been used as staple food. Its consumption has been actively encouraged because of its overproduction in Korea. Rice has long been a very popular material for processed and fermented foods including cake, syrup, sweet drinks, cookies, vinegar, and makgeolli [10, 11] . Especially, rice has been used as a main material with hot pepper and meju in the preparation of gochujang (Korean red pepper paste), in which rice is used as carbohydrate source for fermentation. Rice contains >90% (w/w) of starch and about 8% of protein on the basis of dry weight. This protein composition is too low to enable rice to be used for meju preparation. Rice is enriched in selenium, niacin, pantothenic acid, vitamin B6, and folate (vitamin B9), compared to soybean [12] . Accordingly, the addition of rice to meju dough may be a factor to improve the quality of doenjang; the increase in the percentage balance of carbohydrate might cause the fermentation metabolism to be activated, which could enrich the diversity of the microbial community diversity [13, 14] .
In this study, three different doenjang preparations were prepared from mejus fermented with soybean or a mixture of soybean and rice by using traditional technique. The effect of rice added to meju dough was evaluated based on the variation of nutritional ingredients and bacterial community diversity in doenjang. The goal was to provide a new recipe for the preparation of rice-supplemented doenjang to increase consumer consumption of rice.
Materials and Methods

Meju Preparation
Aspergillus oryzae var. oryzae (KACC44848) was cultivated in broth medium at 25˚C and 150 rpm for 5 -7 days until the ball-shaped hyphae cluster completely occupied the volume of the medium. The broth medium was composed of 10 g/L soluble starch (Duksan, Korea), 5 g/L soy protein isolate (Nanyung Commercial Co., Korea), 1 g/L yeast extract (Difco, USA) and 1000 ml tap water. The cluster was used as an inoculum for meju fermentation. The dough used to prepare meju was comprised of the following ingredients (mixed ratio) based on dry weight: 100% (w/w) soybean (SB-meju), a mixture of 80% (w/w) soybean and 20% (w/w) rice (0.8SB-0.2R-meju), or a mixture of 60% (w/w) soybean and 40% (w/w) rice (0.6SB-0.4R-meju). Soybean (traditional market, Korea) and rice (traditional market, Korea) soaked in tap water for 24 h were steamed for 120 min and then cooled at room temperature. Five hundred milliliters of the ball-shaped A. oryzae hyphae cluster was inoculated into 5 kg of the cooked meju dough on a dry weight basis, crushed with a stone mortar and then cast into frame (polypropylene; 250 mm diameter × 50 mm height) to prepare the meju dough. The dough containing A. oryzae hyphae and natural microorganisms was placed on a wood plate with latticed grooves (10 × 10 mm) and was incubated at 25˚C at constant humidity for 7 days. The finished meju was then exposed to sunlight to complete drying.
Doenjang Preparation
The dried meju was crushed to lower than 50 meshes with a stone mortar and put in a glass jar with an airing cap. Brine (20% w/v) prepared with sun-dried salt (traditional market, Korea) was added. The ratio of brine to meju was 3.0 based on weight, which completely wetted the meju. The upper surface of the meju in the glass jar was exposed to sunlight for more than 6 h per day each day until the upper surface was completely dry; this took about 2 weeks. The dried skin-like cover completely blocked fungal contamination and moisture evaporation. The prepared meju was ripened for 10 months at 20˚C -25˚C. The finished product represented SB-, 0.8SB-0.2R-, and 0.6SB-0.4R-doenjangs were obtained.
Statistical Analysis
All of numerical data were obtained by triply repeated tests, analysis, and experiments. Mean values and standard deviations were calculated using SigmaPlot version 11 (Systat Software Inc., USA; http://www.systat.com).
Analysis of Free Amino Acids
Samples for mineral analysis were prepared from lyophilized doenjang as described previously [15, 16] . The extract prepared for free amino acid analysis was directly injected into an automatic amino acid analyzer (S433 model, Sykam, GmbH, Eresing, Germany) equipped with an ammonia filtration column (LCA, k04/Na, 4.6 × 100 mm; Sykam, GmbH, Eresing, Germany). Free amino acid content was determined based on the peak area obtained with standard materials and dilution ratio.
Analysis of Organic Acid
Lyophilized doenjang was diluted 10-fold with pure water and incubated in reciprocal shaker at 200 rpm and 4˚C for 24 h. The doenjang slurry was centrifuged at 10,000 × g and 4˚C for 40 min. The properly diluted and filtrated supernatant was directly injected into injector of high performance liquid chromatography (Gold apparatus, Beckman, Coulter, Brea, CA, USA) equipped with a Shodex Rspak KC-811 ion exclusion column (Showa Denko, Tokyo, Japan) and a model RI-101 refractive index detector (Showa Denko). The organic acids were calculated based on the peak area obtained with standard materials and dilution ratio.
Analysis of Mineral
Samples for mineral analysis were prepared from lyophilized doenjang as described previously [17] . Mineral content was analyzed using inductively coupled plasma (ICP) optic emission spectrometry (SPECTRO Analytical Instruments, Kleve, Germany). The extract prepared for mineral analysis was directly injected into the ICP injector under specific wavelengths for Mg (279.079 nm), Na (589.592 nm), K (766.491 nm), Ca (396.847 nm), Mn (257.610 nm), Zn (213.856 nm), Al (167.080 nm), Cu (324.745 nm), and Fe (238.204 nm). The mineral concentrations were calculated based on the absorbance obtained with standard materials (AccuTrace Reference Standard; AccuStandard, New Haven, CT, USA) and dilution ratio.
Determination of Antioxidative Compounds
and Activity Samples were prepared by same method employed for organic acid analysis. The properly diluted supernatant was used to analyze the antioxidative compounds (polyphenol and total phenolic compounds) and activity. Polyphenol content was assessed using the Prussian blue spectrophotometric method [18] . Content of total phenolic compounds were determined via the Folin-Ciocalteu colorimetric method [19] . DPPH radical scavenging activity of doenjang was determined using a modified version of a method developed previously [20] . Ferric ion reduction activity of doenjang was determined by ferrous ion-ferrozine complex reaction. The supernatant (3.8 mL) was mixed with 50 μL of 10 mM FeCl 3 ·4H 2 O and incubated for 30 min at room temperature. Then, 150 μL of 5 mM Ferrozine was added to the mixture and shaken gently. After 10 min, the amount of Fe 2+ was monitored by measuring the formation of ferrous ion-ferrozine complex at 562 nm. The concentrations of antioxidative compounds and activity were determined based on absorbance obtained with standard materials and the dilution ratio.
Analysis of Volatile Compound
Samples were directly extracted from the lyophilized doenjang (10 g) with methyl acetate (25 mL), and the extraction process was repeated three times for single doenjang samples. Extracts obtained via triple extraction were mixed together and adjusted to a final volume of 100 mL by adding fresh methyl acetate. Two microliters of solvent extract was subsequently injected into the gas chromatography (GC) injector in splitless mode. The 11 volatile compounds that were analyzed were 2-methyl-1-butanol, 3-methylbutanol, propionic acid, furfuryl alcohol, 4-hydroxy-2,5-dimethyl-3(2H)-furanone (HDMF), 4-hydroxy-2-ethyl-5-methyl furan-3-one (HEMF), methionol, 2-phynlehanol, 2-methyl-propanol, 1-butanol, 4-ethylguaiacol, and 4-hydroxy-2-methylene-5-methyl-3 (2H)-furanone (HMMF). Analyses were performed using a model CP-3800instrument (Varian, Palo Alto, CA, USA) and a Saturn 2100D GC/mass spectrometry (MS) apparatus equipped with a HP-INNOWAX capillary column (Agilent Technologies, Santa Clara, CA, USA) and an FI detector (Varian). Injector and detector temperatures were adjusted to 230˚C and 260˚C, respectively. Initial oven temperature was maintained at 50˚C for 5 min and then gradually increased to 230˚C at a rate of 10˚C/min. The concentrations of volatile compounds were determined based on peak area obtained with standard materials and the dilution ratio.
Temperature Gradient Gel Electrophoresis (TGGE)
Microbial DNA was directly extracted from the finished doenjang using a Power Soil DNA Isolation kit (MoBio Laboratories, Carlsbad, CA, USA) and a FastPrep-24 bead beater (MoBio). 16S-or 18S-rDNA was amplified using the DNA extracted from the doenjang. A variable region of 16S-rDNA was amplified with the forward primer (eubacteria V3 region, 341f 5'-CCTACGGGAGG CAGCAG-3') and the reverse primer (universal V3 region, 518r 5'-ATTACCGCGGCTGCTGG-3'). A GC clamp (5'-CGCCCGCCGCGCGCGGCGGGCGGGGCG GGGGCACGGGGGGCCTACGGGAGGCAGCAG-3') was attached to the 5'-end of the GC341f primer [21] . A variable region of 18S-rDNA was amplified with the forward primer (EF3 5'-TCCTCTAAATGACCAAGTT TG-3') and the reverse primer (EF4 5'-GGAAGGGRTGT ATTTATTAG-3'). A GC clamp (5'-CGCCCGCCGCGC GCGGCGGGCGGGGCGGGGGCACGGGGGGG-3') was attached to the 5'-end of NS-3 (5'-GCAAGTCTGGT GCCAGCAGCC-3'). TGGE was performed using techniques and procedures employed previously [22] with a Dcode universal mutation detection system (Bio-Rad, Hercules, CA, USA) operated according to the manufacturer's specifications.
Identification of TGGE Band
DNA was extracted from the TGGE band and purified with a DNA Gel Purification kit (Accuprep, Bioneer, Daejeon, Korea). The purified DNA was subsequently amplified with the same primers and procedures employed for TGGE sample preparation, except that the GC clamp was not attached to the forward primer. The species-specific identities of the amplified 16S-rDNA variable region were determined based on sequence homology using the GenBank database system.
Results
Free Amino Acids in Doenjang
Free amino acids contained in doenjang may be produced by hydrolysis of proteins contained in soybean and rice. Accordingly, contents of free amino acids in doenjang have to be proportional to the percentage balance of soybean and rice. However, the content of free amino acids precisely measured with SB-, 0.8SB-0.2R-, and 0.6SB-0.4R-doenjang was not strictly proportional to the percentage balance of soybean and rice as shown in Table 1. Adding 20% and 40% (w/w) of rice to meju dough produced a decrease in amino acid production of about 2.3% and 3.7% in 0.8SB-0.2R-and 0.6SB-0.4R-doenjang, respectively, in comparison of those in the SBdoenjang.
Minerals in Doenjang
Both soybean and rice contain Mg, K, Ca, Mn, Fe, Zn, and Cu, whose contents are significantly or a little higher in soybean than rice [12] . Accordingly, the minerals contained in the doenjang may be proportional to the percentage balance of soybean and rice because minerals themselves contained in soybean and rice become ingredients of doenjang. Contents of all minerals in 0.8SB-0.2R-and 0.6SB-0.4R-doenjang were commonly lower than those in SB-doenjang, which was proportional to the theoretical value as shown in Table 2 .
Organic Acids in Doenjang
The ratio of carbohydrate to protein in SB-, 0.8SB-0.2R-, and 0.6SB-0.4R-meju was about 0.88, 1.37, and 2.10, respectively, which was arithmetically calculated based on the nutritional ingredients of soybean and rice [12] . The organic acids contained in doenjang may be generated from carbohydrates (sugars) by microbial fermentation metabolism. Accordingly, organic acid production may be increased in proportion to the percentage balance of carbohydrate during the fermentation of meju or the ripening of doenjang. Citric, malic, succinic, lactic, and acetic acid production significantly increased in proportion to rice contents but pyroglutamic acid production was not influenced by rice addition as shown in Table 3 .
Antioxidative Compound and Activity of Doenjang
Soybean and rice pericarp contains various antioxidative compounds including polyphenols, total phenolic compounds, tannin, or proanthocyanidin, while rice lacks the antioxidative compounds [23] . Microorganisms responsible for meju fermentation are unable to produce polyphenol and total phenolic compounds [24, 25] . Accordingly, polyphenol and total phenolic compounds in doenjang originate from soybean. Presently, the contents of polyphenol and total phenolic compounds in doenjang were proportional to the percentage balance of soybean, but the activities of DPPH scavenging and ferric ion reduction of doenjang were not influenced by addition of rice as shown in Table 4 .
Volatile Compounds in Doenjang
Eleven volatile compounds were quantitatively and qualitatively analyzed. Seven were identified in the SBdoenjang and four were commonly identified in both the 0.8SB-0.2R-and 0.6SB-0.4R-Doenjang. 2-Methyl-1-butanol, HEMF, and 4-EG were not produced and the production of 3-methylbutanol, propionic acid, and furfuryl alcohol commonly decreased by the rice addition to the meju dough as shown in Table 5 .
Bacterial Community Variation in Doenjang
16S-rDNA was normally amplified but 18S-rDNA was not. This may reflect the maintenance or growth of specific bacteria during meju fermentation and doenjang ripening, while fungal hyphae may lose their physiological activity. The number of DNA bands detected in the TGGE gels for SB-doenjang was more than 50% lower than that for SB-R-doenjang, and the TGGE patterns for 0.8SB-0.2R-and 0.6SB-0.4R-doenjang were completely identical with each other as shown in Figure 1 . Bacteria belonged to Bacillus genus were commonly identified in all doenjang preparations [26] [27] [28] . In addition, bacteria of the genera Staphylococcus and Virgibacillus were commonly identified in 0.8SB-0.2R-and 0.6SB-0.R-doenjang as shown in Table 6 .
Discussion
The quality of doenjang can be evaluated based on the contents of various nutritional ingredients that include free amino acids, organic acids, volatile compounds, minerals, fatty acids, and antioxidative compounds [29, 30] . Free amino acids, volatile compounds, and organic acids are biochemically produced by microorganisms responsible for meju fermentation. However, antioxidative compounds (polyphenol and total phenolic compounds) and minerals originated from the soybean ingredient. Practically, contents of free amino acids and organic acids measured for 15 doenjang preparations were markedly varied from 1.70% to 5.36% and from 0.5% to 1.65%, respectively. Meanwhile, the contents of polyunsaturated fatty acids and unsaturated fatty acids measured based on area% were slightly varied from 51.52% to 64.91% and from 82.28% to 85.22%, respectively [31] .
Variations of the free amino acid contents were greatly higher than those of fatty acids, considering that variation of contents of crude protein and lipid were from 11.8% to 16.8% and from 7.1% to 8.6%, respectively, in 15 doenjang preparations. This indicates that contents of microbial metabolites in doenjang may be an index to evaluate doenjang quality because those are produced depending on metabolic and physiological activity of microorganisms responsible for meju fermentation. Accordingly, the effect of rice on doenjang quality may be evaluated on the basis of the biochemical metabolites contained in doenjang. However, the chemical ingredients originating from soybean and rice must be analyzed for comparison of the nutritional value of rice-supplemented doenjang. Adding rice to the dough used in the preparation of meju may alter the percentage balance of organic carbon and nitrogen sources for microbial growth. A prior study reported protein contents in SB-, 0.8SB-0.2R-, and 0.6SB-0.4R-meju to be about 40%, 34%, and 27% (w/w), respectively, and carbohydrate contents to be about 35%, 46%, and 57% (w/w), respectively [12] . These contents are 5 -8 times higher than the total free amino acids (Table 1) and 11 -15 times higher than the total organic acids ( Table 3 ) in doenjang. The higher and appreciably higher ratios of free amino acids and organic acids to soybean content, respectively, in SB-R-doenjang as compared with SB-doenjang is a clue that that rice addition to meju dough may not be a cause to limit protein content for free amino acid production but may be a factor to activate microbial metabolism for fermentation of organic acids [32] . The present observation of higher bacterial diversity in SB-R-doenjang than in SB-doenjang (Figure 1 and Table 6 ) is another clue that the rice addition to meju dough be a factor to nutritionally activate bacterial growth and ecologically increase bacterial diversity [33] . Increase of bacterial diversity may cause to increase specific metabolites in fermenting meju and ripening doenjang, resulting in the increased ratios of free amino acids and organic acids to soybean content, while the production of volatile compounds may be limited or inhibited [34] . Certain volatile compounds that cause fragrant flavors and off-flavors may be generated by biochemical conversion of amino acids and metabolic fermentation of sugars during meju fermentation. Increase of the percentage balance of carbohydrate in meju dough may induce the active microbial catabolism of carbohydrates while limiting the catabolism of protein.
As a consequence, off-flavors or unwanted flavors (such as peppermint, caramel, bacon, spice, camphor, sweet, and smoky) for doenjang may be produced in limited quantity. Contents of free amino acids and organic acids, especially, citric and lactic acid, are major factors to the improved taste and nutrients of doenjang [35] . Volatile compounds, such as 2-methyl-1-butanol, HEMF, 4-EG, 3-methylbutanol, propionic acid, furfuryl alcohol, and HDMF detected in SB-and SB-R-doenjang are improper or unwanted factors for doenjang [36, 37] . Accordingly, it can be suggested that the addition of 20% -40% (w/w) rice to meju dough may induce nutritional conditions that are favorable for bacterial growth and fermentation, with consequent improvement of doenjang quality. Generally, minerals including Mg, Ca, Mn, Fe, Zn, and Cu, and antioxidative compounds including polyphenol and total phenolic compounds [12] contained in soybean and rice become chemical ingredients of doenjang. Adding rice to meju dough was a cause the minerals and the antioxidative compounds to be maximally 30% and 40% decreased, respectively, in proportion to the percentage balance of soybean and rice. However, nature of doenjang may be not influenced by the reduction of the minerals and the antioxidative compounds because doenjang has not been used as mineral source for nutritional requirement or as antioxidant for functional reinforcement of food but has been used as a sauce for seasoning to taste of various foods. Generally, doenjang quality may be commercially fortified by the supplementation or content of antioxidative compounds [38, 39] . From the nutritional standpoint, polyphenol and total phenolic compounds contained in doenjang may be helpful for the long-term preservation of foods, which may be substituted by other antioxidative compounds biochemically generated by microorganisms responsible for meju preparation and ripening of doenjang, considering that the antioxidative activity (DPPH scavenging and ferric ion reduction activity) was not decreased by addition of rice and was not proportional to the contents of the antioxidative compounds in doenjang. It is very possible that various metabolic intermediates, reduced metabolites, and coenzymes originating from chemically or biochemically lysed microbial cells can function as antioxidative agents, which may be proportional to biomass and diversity of microorganisms [40] .
Conclusion
Rice may be useful as a supplement for meju dough when evaluated on the basis of free amino acid production, organic acid production, volatile compounds, and bacterial community diversity. Especially, DPPH scavenging and ferric ion reduction activity of doenjang may possibly be intimately related to the rice addition because the proper environmental conditions for bacterial growth may induce increased bacterial community diversity and activated bacterial physiology. The environmental condition of doenjang may be converted to the biophile condition. Positive interrelationship between bacteria and doenjang condition may be a factor to improve doenjang quality by activation of fermentation metabolism or enzymatic reaction. The use of rice in meju preparation may be helpful to activate rice consumption and improve doenjang quality, because the fermentation and ripening process may positively influenced by the chemical and nutritional balance between protein and carbohydrate. Especially, a maximum of 40% (w/w) rice may be substituted for soybean in the meju process according to the comparable quality of SB-, 0.8SB-0.2R-, and 0.6SB-0.4R-doenjang.
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